The thermal stability of ARMCO iron processed by equal-channel angular pressing (ECAP) up to a true strain of sixteen was investigated by differential scanning calorimetry (DSC). Particularly, the analysis was focused on deriving the recrystallization behavior (onset, peak and offset temperatures) at three different heating rates (10, 20 and 40ºC/minute). Additionally, the stored and activation energies were calculated. As well, the microstructure and the tensile response were evaluated at different numbers of passes before and after annealing heat treatment to assess any significant grain growth and its influence on the material ductility. The different energy contributions (dislocations, grain boundaries, and vacancies) were calculated, being verified that the main contribution came from vacancies.
Introduction
It is well known that dislocation cells can serve as subgrains precursor leading to a nanocrystalline microstructure during continuous dynamic recrystallization that occurs all along severe plastic deformation (SPD), and particularly, after processing by equal channel angular pressing (ECAP) [1, 2] . However, this type of severely deformed microstructures limits the use of as-processed materials, since they can increase the materials' strength, while drastically reducing its ductility [3] . Despite the grain refinement, the final microstructure does not easily accommodate dislocation motion, and therefore, ductility is not improved, as expected during grain refinement at micrometric level. For that reason, ultrafine-grained (UFG) materials have an intrinsic mechanical disadvantage, i.e., a reduction of work-hardening because grain sizes are equivalent to sizes of dislocation cells which in turn are comparable to the mean free path of dislocations. [2] .
From the above remarks, it becomes clear that high ductility in nanostructured materials
has not been observed in many cases, and in some of them appear to be exceptional [4, 5] often occurring only at high temperatures [3] . Some solutions [6] have been proposed to improve the ductility of such materials without losing the acquired strength which includes second-phase particle hardening [7] , growth twins [8] , and adjusting stackingfault energy for deformation twinning [9] . Each approach has its limitations, being only suitable for certain material systems. Another solution is to improve an annealing treatment, whereby the residual, metastable, and high internal energy state of the microstructure can reach a more stable condition, or even promote a bimodal grain size distribution [10] . Accordingly, the finest grains would continue promoting hardening, while the larger ones (but still in the ultrafine regime) would be in charge of providing some ductility. In one study by Wang et al. [10] , nanostructured Cu showed high tensile ductility with a bimodal grain structure that was achieved by partial annealing. However, for applying an adequate heat treatment, it is of importance the understanding of thermal stability which are not intensely studied in the current literature. 3 To explore such alternative solution, the purpose of this work was to study the thermal stability, mechanical properties and microstructure evolution of an ARMCO iron processed by ECAP at different numbers of passes following route Bc. Samples with and without annealing heat treatments were respectively analyzed via Differential Scanning Calorimetry (DSC), Electron BackScattered Diffraction (EBSD) and tensile tests.
Experimental procedure
Short billets of 60 mm in length and 8mm in diameter were machined out from rods of a commercial ARMCO iron. The chemical composition of this commercial iron (in wt.%) was. 0.01 C, 0.01 Si, 0.059 Mn, <0.01 P, <0.010 S, 0.02 Cr, <0.005 Mo, 0.038 Ni, 0.013
Al with the balance as Fe.
The billets were annealed at the temperature of 1203K for 20 minutes in a furnace under Ar inert atmosphere, after which they were processed by equal channel angular pressing (ECAP) at room temperature using a solid die having an inner channel angle of Ф = 90º
and an angle at the external arc of curvature of the two parts of the channel of ψ = 37º (Figure 1a ), resulting in a strain of ~1 per pass. Repeated passages through the channel were conducted using route Bc (billet is pressed into the die after a rotation of 90° in the same sense between each pass [11] ). All billets were pressed for up to 16 passes.
Recrystallization temperatures and stored energy of obtained materials in each ECAP
pass were determined by differential scanning calorimetry (DSC), using a LABSYS EVO calorimeter. Experiments were performed using heating rates of 10, 20, and 40ºC/min, under an argon atmosphere and within the temperature range of 30 to 750ºC. Samples of 30-50mg ( Figure 1b ) were analyzed at least in duplicate to assure repeatability. To avoid any noise and heat fluctuation, the recrystallization peak in the DSC curves was isolated, and a smoothing by a Gauss equation fitting was applied.
Following ECAP, samples were extracted from the TD plane and tensile tested at room temperature using a universal testing machine coupled to a video camera extensometer.
Tensile tests were performed in triplicate for each ECAP pass using a constant ram speed of 3.3x10 -3 mm/s (i.e., strain rate of 5.5x10 -4 s -1 ) (Figure 1c ). Microhardness in the Vickers scale were measured in the TD plane with a small load (0.49N).
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Annealing treatments were performed in samples deformed with sixteen passes at different conditions of temperatures and times, which were selected according to DSC results to obtain different recrystallization fractions. Subsequently, annealed materials were tested under tensile conditions until failure.
Microstructural characterization of the samples was performed by Electron Backscattered Diffraction (EBSD). For this purpose, samples from the center (TD plane) of billets processed by ECAP were initially conventionally ground. At the final stage of preparation, they were polished using 2500 grit SiC paper and, finally, with 0.02µm colloidal silica suspension. Different step sizes with an accelerating voltage of 20kV were used: 0.1µm for texture maps and 0.03µm for the detail ones.
The HKL CHANNEL 5 system software was used to analyze EBSD results by measuring grain sizes, and fractions of high angle grain boundaries (HAGB) and low angle grain boundaries (LAGB). Misorientations less than 0.5° were disregarded in the data postprocessing. Boundaries with misorientations (θ) larger than 15° defined grains.
Boundaries whose misorientation angles fell within the range of 2° and 15° were considered as subgrains.
For the observation of finer microstructural features, it was used a transmission electron microscope (TEM), coupled to an orientation-phase mapping precession unit NanoMEGAS ASTAR with a Digistar P1000 unit. This system makes use of the electronbeam together with recognition of electron diffraction spot patterns, offering the opportunity to perform Automated Crystal Orientation Mapping (ACOM) in micro-or nanoprobe mode. This mapping is similar to using EBSD in SEM except that its resolution can go down to 1 nm. Thus, it can be used to observe features in the nanometric range, providing the ability for analyzing heavily deformed samples as for ECAP processed samples. Hereafter, this system will be referred to as TEM-ASTAR.
For TEM analysis, sheets of materials were initially obtained by cutting billets in the direction of the extrusion of the same plane (TD). Disks of 3 mm were punched out from the sheets and thinned down to about 50 μm by conventional grinding. Finally, thin foils were produced by electropolishing. In this study, a mixture of 6% perchloric acid (HClO4) + and 94% glacial acetic acid (CH3COOH) was used as the electrolyte. an average grain size of ~72µm. After one ECAP pass, one can observe a shear-strained microstructure, having a large fraction of low angle grain boundaries (LAGB), mostly evolving into HAGB after subsequent passes, and finally producing an ultra-fine grained material.
As stated by Tóth et al. [12] , the process of continuous dynamic recrystallization (CDRX)
develops as a consequence of the continued evolution from LAGBs into HAGBs during severe plastic deformation, where geometrically necessary dislocations (GNDs) are the responsible for creating new grain boundaries [13] . In other words, the evolution in the fraction of HAGB with the deformation is a consequence of the continuous transformation of LAGB since initial stages of SPD processing, thus evolving to geometrically necessary boundaries which are formed and then subdivide the coarse grains into cell blocks [14] . For that reason, after the first pass, a high fraction of LAGB is identified, while in subsequent passes the HAGB fraction increases continuously.
From Figure 2 it is noteworthy that the grain refinement was enormous, i.e., from 72 µm in the annealed condition to ~360 nm after sixteen passes. However, several studies report further refinement by practicing other kinds of SPD techniques. For instance, Ivanisenko et al. [15] produced an ARMCO iron with an average grain size of about 140 nm after processing by high-pressure torsion (HPT) while Valiev and Wetscher et al. [16, 17] , also processing an ARMCO iron by HPT, found a mean grain size of ~80nm. Such different final grain sizes of ARMCO iron, when processed either by ECAP or HPT, is justified by Zehetbauer et al. [18] , who stated that the hydrostatic pressure during HPT processing is larger than for ECAP, thus leading to a substantial decrease in the grain size. 
TEM Characterization
For a complete microstructural characterization TEM and TEM-ASTAR were used for samples with various ECAP passes ( Figure 3 ). During the first ECAP passes (2 and 3 passes), the formation of elongated grains and subgrains is readily apparent as confirmed by the presence of large fractions of small-angle grain boundaries due to the deformation introduced by the shear stress at the intersection of the two channels. The interior of these structures of strips presents dislocations forming walls (HAGB) and others forming tangles of dislocations (LAGB). Iwahashi et al. [19] and Oh-Ishi et al. [20] have experimentally shown that route BC is the most effective to achieve an ultrafine grain microstructure formed by high angle grain boundaries.
With the increase in the number of passes (4 and 6 passes), the microstructure changes so that many of the initially elongated grains and subgrains which form bands evolve to form a heterogeneous cellular structure of dislocations. Such an evolution creates more elongated but much thinner bands, accompanied by the increase of HAGB fraction and reduction of LAGB respectively, thus observing much more defined boundaries.
At a higher number of passes (16 passes), the dislocation structure becomes more homogeneous, due to the gradual transition from the initially predominant arrangement of grain boundaries, evolving to a predominance of low angles of misorientations and, finally, to a dominant state of high angle grain boundaries, as shown in Figure 3 .
However, it is worth noting that, even after sixteen ECAP passes, the material still retains some grains with morphology of elongated grains, similarly to results described by Gazder et al. [21] for an interstitial free steel after processing by ECAE up to eight passes.
Therefore, it can be established that the microstructural evolution by deformation through ECAP is comparable to that observed in other materials such as interstitial free steel and copper processed up to eight passes [21] . Some investigations [22, 23] have shown that such an evolution starts with the emergence of subgrain walls, which develops from the re-arrangement of trapped dislocations that glide since the first pass. Such walls, in turn, act as obstacles for dislocation propagation throughout consecutive passes. Accordingly, the different high angle grain boundaries promote distinct combinations of slip systems for accommodating future deformation increments. At higher deformations, each substructure rotates to approach to the nearest stable orientation. This behavior leads to 7 the formation of new boundaries while the additional orientation of existing boundaries turns at larger orientation difference angles [24] .
Disorientation axis distribution
The disorientation axis distribution (DADs), i.e., the distribution of the rotation axes between neighboring pixels or disorientation axis distribution, corresponding to the initial and processed materials are illustrated in Figure 4 . They were readily obtained from EBSD measurements. After one pass the material shows clear evidence that the DAD has a preferential axis (the TD plane) during the grain fragmentation process in ECAP. This behavior agrees well with previous studies in copper processed by ECAP reported by Tóth et al. [25] . However, the DAD distribution does not present this tendency for the material with zero passes (annealed state), where a nearly random distribution is observed. When increasing the number of passes (four and sixteen passes), it can be seen that the DADs present different preferential axis than in the first pass, especially for the material with sixteen passes which shows a preferential axis close to the ED direction.
This change in the preferential axis with the increase in the deformation can be attributed to the multi ECAP passes. It was also found by Quey et al. [26] that preferred disorientation axes were diffused in the transversal direction (TD) when the deformation was less than ε=0.5, after which, at large strains, migrating to directions amid the rolling (RD) and normal (ND) directions. These authors [26] suggested that two mechanisms were related to preferential disorientation axes distribution. In other words, the accented activeness of specific slip systems produced by stress heterogeneities induces the development of anisotropy in orientation distributions, and the rate of change of the reorientation velocity field, inflicted by the strain, results in the peak shifting of distribution transformation.
Strength of UFG iron
It is fully recognized that materials with ultrafine grains (UFG) display a greater mechanical strength concerning their coarse grain counterparts [27, 28] . This increase in strength is directly associated with the grain refinement. Figure 5 presents the influence of multiple ECAP passes on the mechanical properties at room temperature of resulting materials after different deformation levels. It is noteworthy that the material deformed with sixteen ECAP passes presents an increment of ~3 times in strength concerning the annealed material, reaching ~920MPa. Such strength is quite similar to values reported by Park et al. [29] (~900 MPa) for a low carbon steel after ECAP processing up to four passes using the route C at 500°C. In contrast, Ding et al. [30] using asymmetric rolling (ASR) to process pure iron reported a strength of 680 MPa.
However, as Figure 5a shows, the yield and ultimate tensile stresses have a similar behavior concerning the influence of the number of ECAP passes, i.e., they rise with the number of passes. Contrarily, materials' ductility decreases in the same sense. In general, not shown here, tensile stresses for all the samples presented a maximum strength in the initial stage of deformation. After reaching such maxima values, a plastic instability region dominated until failure. Such instability is related to the common necking phenomena in tensile tests. As it was already extensively demonstrated [6, 31] , a larger refining of grains, with sizes ranging in the nanoscale, may conduce to very high hardnesses and strengths in numerous metals and alloys. Nevertheless, as a counterpart, these materials always display low ductility when tensile tested.
Although SPD processing directs to a diminution in the ductility, such a decrease is usually less than in other traditional mechanical processing techniques such as rolling, drawing, and extrusion [32] . As revealed in Figure 5 , both the elongation to failure and area reduction approaches to a steady state, which is not observable in any of the abovementioned conventional processes. When processing an Al-3004 alloy by cold rolling (CR), Zhu et al. [33] noticed a steady decline of the elongation to failure. However, when processing the same alloy by ECAP, initially a diminution was observed, being followed by saturation in the elongation percentage.
On the other hand, the saturation tendency of the flow stress with increasing number of ECAP passes (as from five passes) can also be noticed in Figure 5 . This improvement in the material strength, particularly during the initial passes, is a result of the significant increase in the amount of the density of defects during this stage, as dislocations, vacancies, and new grain boundaries as ascertained in a previous study [34] .
Of course, the material strength is not only due to dislocations themselves. It also is a consequence of the different interactions between dislocation-dislocation, dislocationboundaries (low and high angle), and grain boundaries-grain boundaries as a consequence of a process of continuous dynamic recrystallization. We just talk about dislocation because all those interactions in a single-phase material are possible only because of the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 9 increment in the dislocation density creating new grain boundaries which in turn will interact with other dislocations and grain boundaries Figure 6 presents DSC curves acquired with heating rates of 10, 20, and 40 ºC/min for samples of Armco iron processed with a different number of ECAP passes. Those curves exhibit a single peak within the range of temperatures of 350-650ºC, denoting that recrystallization is the primary active process. Such single peak trend has also been observed in other materials, like in the studies of Harza et al. [35] on an IF-steel processed by ECAP + rolling and also in ball-milled pure Fe powders [36] .
Thermal stability of UFG Armco iron
The values of the peak temperatures and the stored energy for the three heating rates used during the DSC tests are summarized in Table 1 . The stored energy increases with some passes while the peak temperature decreases with higher deformations. The obtained values of stored energy are higher than the ones determined for 99.999% Fe [37] and Fe-0.015%Nb [38] processed by cold rolling until 80% reduction, but smaller than the values of Fe processed by ball-milling [36, 39] . The main reason for those differences can be associated with the amount of plastic deformation introduced during each process. As it is well known, ball-milling can introduce greater deformations in the material, giving rise to smaller grain size and, respectively, to higher dislocation density compared to ECAP.
On the other hand, conventional processes, like rolling, introduce small and less homogeneous plastic deformation than ECAP, which also means a less decrease in the grain size and also an increment of the dislocation density.
From Table 1 , one may observe a reduction in the stored energy after five ECAP passes.
This fact could be attributed to the change in the microstructure nature turning from a state dominated by the LAGB to the one where the HAGB fraction is more representative (Figure 2 and Table 3 ) as a consequence of the continuous dynamic recrystallization where a possible dislocation density decreases also occurred. This corresponds well with the tensile results observed in Figure 5 where the yield and maximum stress are almost the same for the material with five passes. For that reason, this behavior could be related to the occurrence of some recovery due to the change in the microstructure nature.
Aiming the better understanding of the thermal stability of the present Armco iron processed by ECAP, different contributions to the stored energy of the material coming 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 10 from dislocations, grain boundaries and vacancies were identified by using various methods, which will be presented and discussed in the sequence.
Stored energy evaluation using microhardness
The relationship used to calculate the stored energy by deformation involves the flow stress σ and the hardness HV. Due care was taken during hardness measurements to decrease the influence of grain boundaries. For this purpose, microhardness tests were performed with minimal loads to create indentation marks as small as possible. In this way, the surface area will always be much larger than the area of boundaries, leading to acquiring information mostly from the surface of the grains, which are full of dislocations.
In other words, the density of dislocations will always be larger than the density of grain boundaries. Of course, there will be an associated error, which must increase a bit with the reduction in grain size, but it is believed that these errors are minimal and give a good trend for the data. The total dislocation density that keeps good correlation with the values calculated in a previous study [34] 
where the value of in J/mol is obtained by assuming the molar volume to be equal to 7.11cm 3 /mol.
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The obtained stored energy contributions from dislocations for different numbers of passes are summarized in Table 2 . This energy contribution displays an increasing behavior, generated by the increment of dislocation density. The contribution to the energy from dislocations observed in Armco iron is smaller than the contribution observed in the study of Hazra et al. [35] on an IF-steel. These differences can be attributed to the higher strength obtained in the IF-steel after ECAP which leads to higher values of dislocations density.
Estimative of the stored energy using EBSD.
The contribution of geometrically necessary dislocations to the stored energy can be assessed with the Read-Shockley equation [41] :
where = 0.617 Jm −2 is the energy per unit area of a HAGB [41] , is the boundary misorientation and = 15° is the misorientation above which the energy per unit area is not dependent on the misorientation angle. Following this equation, the mean energy can be achieved by taking into consideration all the boundary misorientations between 2°≤ ≤ 62.8° using the following summation [35] :
where f(θ) expresses the fraction of boundaries for a particular misorientation. The stored energy per unit volume due to a dislocation boundary (Eb) is achieved by multiplying the average energy per unit boundary area ̅ with the area per unit volume (~2/  ) where, is the equivalent circle diameter considering all misorientations between 2°≤ ≤ 62.8° and corresponds to the subgrain size [42] 
The different contributions of energy calculated by EBSD are summarized in Table 3 .
These values present an increasing tendency with the deformation due to the reduction of the subgrain size and the increment of the HAGB fraction. This behavior is considerably similar to the one described by Hazra et al. [35] for an IF-steel after eight ECAP passes, although they were able to reach higher values of grain boundaries energy due to the extra deformation introduced prior ECAP with the cold rolling process. This is correlated with the fact that a change in the deformation mode can produce a further grain size refinement, and also an increase in the HAGB fraction.
It must be finally pointed out that the stored energies estimated either by microhardness or EBSD have no remarkable differences. This behavior indicates that, since EBSD accounts for geometrically necessary dislocations (GND) and microhardness considers the contribution of statistically stored dislocation, the equivalence between the values obtained through the two techniques suggests the potential of the microstructure to continue reducing the grain size after sixteen ECAP passes with the application of further deformation. As stated in section 3.1.1, such possibility has been confirmed by Ivanisenko et al. [15] who found a great reduction in the grain size around 140 nm in Armco iron processed by HPT.
Stored energy vacancies
Another important contribution to the total stored energy is the one coming from the point defects. In this case the vacancy concentration depends on the applied strain ε as follows [45] of the vacancies concentration can be obtained through the calculation of the energy associated with their formation, as equation (7) shows:
Where , , , and represent the store, dislocations, boundaries and vacancies energy contributions respectively.
With the energy contribution from the vacancies ( ), its concentration ( ) can be calculated using equation (8), where 1.4eV is the formation energy of vacancies in α iron [46] .
Solving equations (7) and (8) the vacancies concentration and the stored energy can be obtained as listed in Table 4 . The comparison of the different energy contributions suggests that the main contribution is coming from the vacancies followed by the dislocations and grain boundaries contributions. As it is well known, one way to produce vacancies is by dislocation annihilation, which is favored in the ECAP processing giving rise to the increment in vacancies' concentration [47] . Comparing the values of vacancies concentration calculated by equations (6) and (8) it can be seen that the values obtained taking into account their stored energy are lower, indicating the increase in the vacancies annihilation with the increase of deformation. However, irrespective of the applied equation, the evolution in the vacancies concentration shows an increase with the deformation. This behavior can be related to the saturation observed not only in the flow stress but also in the grain size, since vacancies play an important role during the annihilation process of dislocations. Accordingly, the higher the vacancies concentration, the more dislocations annihilation is observed. It has been demonstrated that the dislocation annihilation process is more pronounced in deformation techniques such as ECAP than in others like HPT considering that the vacancies annihilation is more difficult when high hydrostatic pressures are involved [12] . As a consequence, vacancies diffusion is more difficult, and dislocation annihilation slows down determining, therefore, an increase in the rate of strain hardening. Vacancies also have an effect on strain hardening stages, according to Sturges et al. [48] , who observed that the higher hydrostatic pressures 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 14 appears as an extension of stage IV, an increase in the maximum strength, highlighting why iron processed by HPT reached higher strengths and grain size reductions in comparison with iron processed by ECAP.
Annealing heat treatments and tensile behavior
It has been demonstrated that one of the most effective mechanisms to improve the ductility of nanostructured metals is through microstructural modification by generating a bimodal grain size distribution [10, 49, 50] and changing the material texture [51] .
Based on the thermal study of the current iron at different number of ECAP passes (onset, peak and offset temperature in the DSC curves), different annealing heat treatments (two temperatures, namely 350ºC and 400ºC, with different holding times) were carried out in the material with sixteen passes as listed in Table 5 . Different microstructural changes have occurred across the material with sixteen passes.
The hardness evolution for the material with sixteen passes after different annealing heat treatments is indicated in Figure 7a This can be explained by the fact that the material strength contributions (free dislocations, dislocations walls, and grain boundaries) whereas the hardness measurements involved more local information from grains than from boundaries. For that reason, the hardness measurements showed the opposite with lower values for the annealed material than the material with 1 and 2 ECAP passes due to the material recovering after the annealing treatments which mainly affected the free dislocations that the dislocations walls.
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It can be observed in the microstructures of the samples with different annealing treatments (see Figure 8 ) that the effect of the ECAP process (grains slightly elongated and oriented towards the direction of the macroscopic shear direction) is disappearing with the increase in annealing time, highlighting the presence of much more equiaxed grains. This effect can also be seen in the evolution of the grain size of the material, since, for the material annealed at 350 °C, an increase in grain size with the annealing time occurs (0.5-0.56-0.58 μm), whereas, for the samples annealed at 400 °C the growth in the average grain size was 0.62-0.64-0.66μm starting from an initial average size of 0.39μm
for the sample with sixteen passes.
This growth in the average grain size is reflected in the reduction of the material strength, as shown in Figure 7b , where a reduction in both the yield stress and the maximum stress at increasing annealing temperature and time can be noticed. In addition, the hardness of the samples annealed at 400 °C show a steeper reduction than that of the ones treated at 350 °C (Figure 7a ), confirming the more significant grain growth experienced by the material at 400 °C. This behavior is in agreement with the observations of Hazra et al.
[52] for an interstitial free steel subjected to different annealing treatments. They observed that at higher temperatures similar hardness values were obtained for shorter maintaining times.
Ivanisenko et al. [15] obtained a more significant increase in grain size after heat treatments in an ARMCO iron processed by HPT reporting grain sizes larger than 0.32 μm even after annealing at 500 °C for one hour, which could be attributed to the greater reduction in grain size (smaller than 0.2 μm) reached before the treatment. Also, according to Ivanisenko et al. [15] , the increase in grain size in the temperature range of 200-400 °C can be assigned to the coalescence of neighboring grains of low orientation difference, due to microstructural recovery effects determined by the increase in the high angle grain boundaries fraction.
The observed reduction in the material strength is accompanied by a slight improvement in the amount of plastic deformation (see Table 6 ), as well as in the strain hardening capacity. However, as in most of the tensile properties of ultra-fine grain materials both the processed material and the post-annealing material show very little strain hardening (Figure 7b ), similar to other investigations [53, 54] . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 16
This behavior could be attributed to the annihilation of mobile dislocations which causes a yield drop because of their inability to match the applied strain rate [34] . On the other hand, the increase in the strain hardening capacity can be a consequence of the grain size increment due to the ability of larger grains to generate dislocations in their interiors. The appearance of inhomogeneous yielding in UFG metals is not only influenced by test temperature and grain boundary character [55] but also by the grain size distribution [56] .
Therefore, to explain the changes in the grain size after the annealing treatments a study of the internal grain statistics was carried out.
In the present case, the division of recrystallized and non-recrystallized grains was difficult. Several methods for EBSD data analysis have been suggested to differentiate recrystallized grains from deformed ones and, thus, be sure about the calculated recrystallized fraction. Deformed grains have high dislocation density, hence forming dislocation structures from the arrangement of these dislocations. As a consequence, inside the grains misorientations of several degrees may appear locally. Nevertheless, the dislocation density within recrystallized grains is much lower than in deformed ones.
Consequently, the approaches that use statistics regarding in-grains substructures may be useful for separating recrystallized grains from the deformed matrix.
For characterizing the dispersion of in-grains low angle misorientations one of the most used methods is the average grain misorientation (GAM), which performs the average of misorientations among adjacent pairs of points in a particular grain [57, 58] .
Recrystallized grains present lower GAM values than for deformed grains. Nevertheless, when using the GAM methodology, it is necessary to define a threshold value for misorientations in the way to make distinguishable a deformed grain from a recrystallized one.
The GAM representation in the microstructures of the ECAPed material after different annealing treatments is shown in Figure 8 . Based on this method grains with values of average misorientation lower than 1° were considered as recrystallized or recovered (red color). This value was chosen according to the plot of the grain average misorientation (see Figure 8 ) for the fully recrystallized material, while values higher than 1° will show grains with some subgrains inside, indicating that those grains are no fully recrystallized.
To establish the real mechanisms of the grain grown and the reduction in the material strength, the grain growth kinetics of the material with sixteen ECAP passes annealed at 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 two different temperatures was studied. Under isothermal annealing conditions, the grain growth may be expressed by the following generic equation [41, 59] :
where represents the grain size for a given annealing time, 0 refers to the initial grain size, is the grain growth exponent, 0 is a kinetic constant, the annealing time, the activation energy for grain growth and is the universal gas constant and T the annealing temperature.
The grain growth exponent is determined as the slope in a double-log plot of grain size 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 18 hardness for the annealed materials are smaller than the value of the material with 2 ECAP passes. However, the tensile tests show that the annealed materials present more strength than the material with 2 ECAP passes, which is explained by the annihilation of the mobile dislocations inside of the grains whereas the dislocations in the grain boundaries still can induce good strength in the material.
Conclusions
Ultrafine grain size iron was obtained by severe plastic deformation using ECAP as deformation technique. The microstructure after sixteen ECAP passes consisted mainly of high angle grain boundaries with a homogeneous dislocation structure according to the EBSD and TEM characterization due to continuous dynamic recrystallization. The large reduction in the grain size (observed by EBSD) determined a great increase in the material strength accompanied by the reduction of homogeneous deformation after the tensile test.
The ECAP process showed that material presents a saturation in the flow stress after the seventh ECAP pass due to the saturation in the dislocation densities.
The thermal stability study showed that the main contribution to the stored energy was coming from vacancies followed by dislocations and grain boundaries. The continuous increase in the number of vacancies explained the saturation in the dislocation densities at higher deformations (more than the seventh ECAP pass). On the other hand, the annealing treatments for the material with sixteen ECAP passes indicated that in the range of temperature of 350-400 °C the main softening mechanism taking place was recovery.
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